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Growth parameters and resistance to Sphaerulina
musiva-induced canker are more important than wood density
for increasing genetic gain from selection of Populus spp. hybrids
for northern climates
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Abstract
& Key message New genotypes of hybrid poplars from the Aigeiros and Tacamahaca sections have great potential for
increasing genetic gain from selection. The most promising traits are associated with productivity and resistance to
Sphaerulina musiva-induced canker while wood density can be selected for secondarily. A minimum age of 8 years is
reliable to select fast-growing resistant clones in northern climates.
& Context Productivity, wood density, and disease resistance of hybrid poplar clones are important traits when selecting for
cultivation at an industrial scale.
& Aims We studied 1978 hybrid poplar clones from 63 families, bred from poplars native (Populus balsamifera and Populus
deltoides) and non-native to Canada from the Aigeiros and Tacamahaca sections, to improve economically important traits for
plantations in northern Alberta.
&Methods Genetic parameters for diameter at breast height (DBH), height, resistance to Sphaerulina musiva-induced canker, and
wood density were determined up to age 10.
& Results A mean annual increment of 16.5 m3 ha−1 year−1 was achieved at age 10 in the best-performing clones. The potential
genetic gain for DBH, height, and canker resistance, 37%, 26%, and ~ 13%, respectively, was achieved when selecting the top
10% of the tested clones. The genetic effect for wood density was weak. The age-age genetic correlations identified age eight as a
reliable selection age.
& Conclusion The new hybrid poplar clones tested exhibited great potential for tree improvement. The next phase of selection
should test a reduced number of clones on different site types, identifying stable clones for productivity and resistance, while
wood density can be selected for secondarily. In northern regions, a minimum age of 8 years is reliable to select fast-growing
resistant clones for commercial deployment.

Keywords Tree breeding . Poplars . Age-age genetic correlation . Heritability . Sphaerulina musiva-induced canker . Wood
density
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1 Introduction

The application of tree improvement in breeding programmes
allows, in a broad sense, an increase in yields and value of
plantations, while helping to meet the rising demand for forest
products, and in some regions of the world, thereby reducing
the pressure on natural forests. Generally, such programmes
aim at developing genetically improved varieties in an eco-
nomically efficient manner by maximizing genetic gain per
unit time at the lowest possible cost (White et al. 2007).
Poplars (Populus spp.), provide an excellent opportunity for
tree improvement to maximize selection and production of
fast-growing plantations, through exploitation of the vast nat-
ural genetic variation which exists over very broad natural
ranges and ecological conditions, combinedwith the ease with
which both intra- and interspecific hybridization is possible
(Stettler et al. 1996). Hybridization in poplars enables tree
breeders to combine the desirable traits of different species
together, capitalizing on hybrid vigour (heterosis). Hybrid vig-
our constitutes a multi-genetic complex trait and can be gen-
eralized as the sum of multiple physiological and phenotypic
traits including the magnitude and rate of growth, flowering
time, yield, and resistance to biotic and abiotic environmental
factors (Baranwal et al. 2012; Lippman and Zamir 2007).

The genetic resources of poplars are commonly managed
as a source of fibre in the pulp and paper industry, and more
recently in biomass and biofuel production, carbon sequestra-
tion, and phytoremediation (Balatinecz and Kretschmann
2001; Zalesny Jr. et al. 2016). For these reasons, tree improve-
ment programmes using hybrid poplars have been developed
in several countries in North America and Europe. For most of
these programmes, traits of economic importance constitute
quantitative polygenic traits such as growth, productivity, and
wood quality as well as survival and disease resistance
(Stanton et al. 2014). Such traits are influenced by many gene
loci and by environmental effects. To distinguish environmen-
tal effects from genetic differences, genotypes are tested in
common garden trials where the environmental component
is controlled as much as possible. Such an experimental de-
sign allows for partitioning of the genetic variation from the
overall phenotypic variation (Gylander et al. 2012).
Consequently, the heritability, which represents the proportion
of the total variance in a phenotypic trait that is controlled by
these genes, can be calculated (Falconer and Mackay 1996).
On that basis, with a high selection intensity, genetic gain in
the traits of interest in a tree breeding programme can be
determined. When measurements carried out on genotypes
are repeated over multiple years, additional information can
be obtained by estimating the age-age correlation for the same
trait. The development of these correlations can be used to
support decisions regarding the youngest age possible at
which to make the selection for a given trait (White et al.
2007).

Information about the genetic effects related to singular
polygenic traits is generally available (Pliura et al. 2007;
Pliura et al. 2014; Rae et al. 2004; Yáñez et al. 2019).
Depending on the tree age and site conditions, the weak/
moderate to strong genetic control of diameter (heritabil-
ity, 0.49–0.91) and height (heritability, 0.18–0.87) of trees
has been reported from various common garden poplar
trials (Pliura et al. 2007; Pliura et al. 2014; Yáñez et al.
2019; Yu et al. 2001; Yu and Pulkkinen 2003). However,
the knowledge regarding the genetic effect of resistance to
major fungal diseases and wood density, in combination
with growth traits at an area of future utilization, is much
less frequent.

Disease resistance plays a universal role of singular impor-
tance in defining the long-term sustainability of Populus cul-
tivars (Stanton et al. 2014). Canker (on stems and branches),
caused by the fungus Sphaerulina musiva (Peck) Quaedv.,
Verkley and Crous (syn. Septoria musiva Peck), is the most
economically important disease and the major limiting factor
to the production of Populus spp. as a commercial crop in
North America (Dunnell and LeBoldus 2017; Feau et al.
2010; Newcombe and Ostry 2001; Ostry et al. 2014; Ostry
andMcnabb Jr. 1985). Due to the invasiveness of Sphaerulina
musiva, it is also regarded as a high-priority quarantine path-
ogen for Europe. The only way to prevent the spread of
Sphaerulina musiva is to plant resistant hybrid poplars. The
results of controlled inoculation experiments have indicated
that poplar genotype is a prominent factor in disease develop-
ment and resistance to Sphaerulina musiva (Dunnell et al.
2016; LeBoldus et al. 2007; LeBoldus et al. 2008; Qin and
LeBoldus 2014), which implies a possible increase in resis-
tance by appropriate selection of clones.

Wood density, on the other hand, affects the production
process and quality of pulp and paper as well as solid products
(Downes et al. 1997; Haygreen and Bowyer 1996; Valente
et al. 1992). As high-density wood produces more pulp per
unit of wood volume than low-density wood, an increase in
wood density has an important effect in the efficiency of pulp
production (Downes et al. 1997; Foelkel 1997; Zobel and van
Buijtenen 1989). Many studies that have been carried out on
wood density in poplar species, hybrids, and clones (Farmer
Jr. and Wilcox 1968; Farmer Jr. 1970; Hernandez et al. 1998;
Ivkovich 1996; Koubaa et al. 1998; Mutibarić 1971; Nepveu
et al. 1978; Olson et al. 1985; Pliura et al. 2007; Walters and
Bruckmann 1965; Yanchuk et al. 1983; 1984; Yu et al. 2001)
showed a moderate to large genetic effect for wood density.
Interestingly, however, there is still no clear evidence indicat-
ing how growth rate affects wood density in a specific envi-
ronment. When a negative relationship between growth traits
and wood density occurs, then the beneficial impact of
selecting for a faster growth rate may be decreased if wood
density is to be maintained or maximized. For this reason, the
relationships between growth rate and wood density have
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been studied extensively, resulting in variable and often am-
biguous results. In some studies, significant negative correla-
tions between faster growth and wood density have been re-
ported for poplars and their hybrids (Beaudoin et al. 1992;
Farmer Jr. and Wilcox 1968; Kennedy and Smith 1959;
Olson et al. 1985; Hernandez et al. 1998; Pliura et al. 2005;
Yanchuk et al. 1984), while other research proved little to no
relationship between growth rate and wood density (Ilstedt
and Gullberg 1993; Zhang 1995; Zhang et al. 2003).

The gaps in knowledge regarding the relationship be-
tween multiple effects, combining wood density with
growth and/or resistance to major fungal diseases, in areas
of future utilization, can be fulfilled by recently developed
more advanced non-parametric methods such as general-
ized additive models (GAM). Such modelling techniques
allow us to overcome the limitations of traditionally used
linear models, connected with a non-linear course of vari-
ables and a non-constant variance distribution, and/or when
explanatory variables show collinearity, leading to a large
fraction of the unexplained variation (Aertsen et al. 2010).
A better understanding of the nature of the relationship
between economically important polygenic traits on the ba-
sis of a better statistical model fit may support tree breeders

in selecting a critical set of characteristics depending on the
desired manufacturing products for the fibre.

The application of tree improvement programmes requires
the breeding and selection of multiple hybrids and clones for
screening and testing (Pliura et al. 2007). In the current study,
we focused on using a broad genetic base of hybrids devel-
oped from hybridizing of native Canadian Populus
balsamifera L. (s. Tacamahaca) and Populus deltoides
Marshall (s. Aigeiros) with/and non-native Populus spp. from
the Tacamahaca and Aigeiros sections resulting in nearly
2000 new clones (first time being tested) in a common garden
genetics trial to improve economically important polygenic
traits for plantations in northern climates (Alberta, Canada).
The specific objectives were to (1) quantify the clonal varia-
tion in growth, wood density, and resistance to Sphaerulina
musiva-induced canker; (2) investigate the relationship be-
tween wood density and other economically important traits,
providing the background information for better understand-
ing the nature of such a relationship to support selection deci-
sions; (3) calculate the broad-sense heritability of selected
traits and expected genetic gains possible across traits; and
(4) assess the clonal stability of growth traits across time and
minimum age required for clonal selection.

Table 1 Parental species of hybrid poplars, cross-type code, family codes, and the number of clones within each family tested at the study site

Female parent Male parent Cross-type Family codes (clone name) Number
of
clones

(P. deltoides × P. nigra) ×
P. balsamifera

P. balsamifera (DN)B × B 4483 10

? P. balsamifera *? × B 4505 59

P. balsamifera P. balsamifera B × B 4493, 4497 115

P. balsamifera P. deltoides × P. nigra B × DN 4459 7

P. balsamifera P. deltoides × P. nigra ×
((P. nigra × P. trichocarpa)
× P. balsamifera)

B ×
DN((N-
T)B)

4478 17

P. balsamifera P. maximowiczii B × M 4460, 4461, 4462, 4463, 4464, 4465, 4466, 4467, 4468, 4471,
4472, 4473, 4474, 4475, 4476, 4480, 4484, 4485, 4486,
4499

556

P. deltoides ×? P. balsamifera *D? × B 4507 9

P. deltoides × P. ×
petrowskyana (‘Walker’)

P. × petrowskyana DP × P 2403 (‘Okanese’) 1

P. deltoides P. balsamifera D × B 4510, 4519 50

P. deltoides P. × petrowskyana D × P 24 (‘Walker’) 1

P. maximowiczii × ((P. nigra
× P. trichocarpa) ×
P. balsamifera)

P. balsamifera M((NT)B)
× B

4501, 4504 68

P. maximowiczii ×
P. balsamifera

P. balsamifera MB × B 4506, 4512, 4513, 4514 70

P. maximowiczii ×
P. trichocarpa

P. balsamifera MT × B 4489, 4492, 4516, 4517, 4520, 4521 285

P. maximowiczii P. balsamifera M × B 4469, 4470, 4477, 4479, 4481, 4482, 4487, 4488, 4490, 4491,
4494, 4495, 4496, 4498, 4500, 4502, 4503, 4508, 4509,
4511, 4515, 4518

730

*Species of female parent not confirmed
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2 Materials and methods

2.1 Experimental design and materials

A large experimental genetics trial was established at the
Alberta-Pacific Forest Industries Inc. (Al-Pac) pulp mill site
in Athabasca, Alberta, Canada (54° 53′ 21′′ N, 112° 51′ 33′′
W, 575 m a.s.l.) in spring 2008. The site experiences a humid
continental climate (Köppen climate classification Dfb) that
borders on a subarctic climate (Köppen Dfc). The long-term
average (since 1961) January and July temperatures are −
14.4 °C and 16.3 °C, respectively. The average annual tem-
perature for the last 10 years (2008–2018) was 2.2 °C with a
mean annual precipitation of 432 mm (https://agriculture.
alberta.ca/acis).

The trial represents 1978 hybrid poplar clones from 63
families. The hybrid poplar genotypes were bred in
Quebec (Table 1) and include interspecific crosses be-
tween Populus deltoides (D), Populus nigra (N),
Populus balsamifera (B), P. maximowiczii (M), and P. ×
petrowskyana (P. laurifolia × P. nigra). Two related pop-
lar clones, widely planted across the Canadian Prairies,
the female clone ‘Walker ’ (Populus deltoides ×
(P. laurifolia × P. nigra)) (Lindquist et al. 1977) and male
progeny clone ‘Okanese’ (‘Walker’ × (P. laurifolia × P.
nigra)) (Schroeder et al. 2013) were used as reference
clones. Both clones are of economic importance in shel-
terbelts and, more recently, in short rotation intensive crop
(SRIC) plantations (Goehing et al. 2017). In spring 2008,
over-winter dormant stock that had been rooted the previ-
ous summer in a commercial greenhouse was planted fol-
lowing a randomized complete block design, with one
ramet per clone in each of four blocks. All families and
clones were represented in each block, although the num-
ber of clones per family was unbalanced. Tree spacing
was 2.5 m × 2.5 m with a single tree buffer row
established around the trial.

2.2 Growth parameters

Measurements of diameter at breast height (DBH; measured at
a height of 1.3 m) and the height of all trees were taken after 3,
8, and 10 years of growth at the plantation. For the measure-
ments carried out on 8- and 10-year-old trees, the tree volume
was calculated using the following equation (Boysen and
Strobl 1991):

V ¼ exp −1:064079þ 1:562891� ln DBHð Þ þ 0:101423� Hð Þ
� 1:013689=1000

ð1Þ

where V represents an individual tree stem volume, H is tree
height (m), and DBH (cm) is the diameter at breast height.

Individual tree volumes were used for calculating tree vol-
ume per hectare (1600 stems per ha) and the mean annual
increment (MAI, m3 ha−1 year−1) for each clone at a given
age. The survival rate was assessed based on the number of
living trees.

2.3 Assessment of canker severity

Assessment of canker severity, caused by the fungus
Sphaerulina musiva, was carried out twice: at the age of 8
and 10, by visual observations of stems and branches on all
trees in the plantation. A four-degree scale code was used,
whereby 0 = no canker present, 1 = canker on branch, 2 = can-
ker on the main stem but healed or healing, and 3 = canker on
main stem and determined that the top could break off or was
already a broken top.

2.4 Wood density measurements (resistograph
measurements)

Wood density of trees was assessed at age 10. Because of the
destructive nature of wood density measurement and potential
for future damage to the trees, the wood density measurements
were carried out on a subset of selected trees. We selected a
total of nine families from the range of growth performance to
measure and analyse wood density. The families selected
belonged to one of three groups, high, average, or low vol-
ume. The selected subset included five clones of each family.
The clones Walker and Okanese were included as reference
clones. Wood density measurements were carried out indirect-
ly by drilling resistance (DR). The trees were drilled using a
resistograph (series 6 Rinntech e.K. DE / Germany). Two
bark-to-bark measurements—N-S and E-W—were taken
from each selected tree at breast height (1.3 m). The profiles
stored in the resistograph memory were transferred to a PC,
and the data produced by resistograph were evaluated using
Decom™ Scientific software. The borders of the profile,
representing a small piece of the resistogram which marked
the changing environment for the drilling tip, were removed
prior to further assessment and the profiles were divided into
two separate sections: (1) from bark to pith and (2) from pith
to bark. Because we noticed a statistically significant increase
in drilling resistance between the two sections (t = 14.05,
p < 0.001), for further analysis, we only used data from the
first half of the profile (from bark to pith) (Gao et al. 2017).

In order to calibrate the drilling resistance to specific wood
density, 5-mm increment cores were also taken from 10 trees.
Trees were drilled approximately 5 cm above the 3-mm hole
made by the resistograph pin to reduce variation between the
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two measurements. Wood density of the increment cores was
assessed by the gravimetric method (Krzysik 1974). The vol-
ume was calculated by the displacement method, where the
volume of a sample was measured by the weight of the
displaced water, when the sample was submerged. The
oven-dry weight of samples was obtained by drying them at
70 °C until constant weight. The wood density, in absolute
units, obtained by the gravimetric method was used to cali-
brate values on a relative scale from the same trees obtained
from the drilling resistance. After removing outlier measure-
ments, the estimated Pearson correlation was r = 0.987 and the
linear regression coefficients fitted are as follows: WD =
221.0372 + 0.7770 × DR.

2.5 Statistical analysis

Prior to statistical analysis, all data were examined with box
plots and line plots to identify errors in measurements. On this
base, we removed outlier measurements (± 3 SD). In total,
three measurements from the set of growth traits were
removed.

Spearman rank correlation between canker symptoms and
survival rate or growth parameters was carried out. Moreover,
all productivity parameters measured (DBH, H, andMAI) and
canker resistance were inputted into a principal component
analysis (PCA) to investigate the correlations among the key
traits defining the best performance of the clones.

A generalized additive model (GAM) was used to predict
wood density as a function of growth traits and canker sever-
ity. GAM, as a non-parametric extension of the multiple linear
regression, uses transformation techniques that are indepen-
dent for each predictor variable, which are counted together to
calculate the response variable (Guisan and Zimmermann
2000). An identity link function was specified for the normal-
ly distributed response data. The criterion of the model per-
formance was the coefficient of determination (R2). The gen-
eral formula was as follows:

G E WDð Þð Þ ¼ β þ f 1 DBHið Þ þ f 2 Hið Þ þ f 3 cankerið Þ ð2Þ

where E(WD) is the expected value of the dependent variable;
(Xi), the predictor variables; (G), identity link function; f1, f2,
… fn, the smoothing spline functions estimated from the data;
and β, the regression coefficient. The above statistical analy-
ses were performed using STATISTICA 13 software (Dell
Inc., 2016).

A linear mixed model was used to test the effect of clones
and clonal variation within families separately for each age as
follows:

yijkjA¼l
¼ μl þ f il þ cijl þ Bkl þ I ikl þ eijkl ð3Þ

where yijkl is the response measured by the kth ramet of
the jth clone within the ith family for a given age A = l, μ
is the overall mean, fi is the random effect of the family i
at a given age l, cij is the random effect of clone j nested in
family i at a given age l, Bk is the fixed effect of block k at
a given age l, Iik is the random interaction effect of family
i with block k at a given age l, and eijkl is the random error
in block k on clone j within family i at a given age l. Z
tests were carried out to determine where random effects
were significantly different from zero. The significance of
fixed effects was tested with F tests, followed by their
p values.

The variance components were estimated for each trait
at different ages according to model 3. In particular, the
genetic variance was partitioned by the following
variance-covariance components:

VG ¼ σ2
f þ σ2

c þ σee0 ð4Þ

where we assumed a constant covariance (σee0 ) between
residuals from different blocks (common microenviron-
mental effect related to the block), by using a compound
symmetry (CS) covariance structure. The broad-sense
heritability (repeatability) H2 was calculated using the
function developed by Zamudio et al. (2008):

H2 ¼ VG

VP
¼ σ2

f þ σ2
c þ σee0

σ2
f þ σ2

c þ σ2
l þ σ2

e
ð5Þ

where VG is genetic variance; VP, phenotypic variance;
σ2
f , variance of family effects; σ2

c , variance of clonal

within family effects; σ2
l , variance of family-by-block

interaction effects; σ2
e , variance of residual effects; and

σee0 , covariance between residuals of the same clone in
different blocks. Approximate standard errors of herita-
bility and variance-covariance estimates were calculated
using the asymptotic large-sample dispersion matrix as-
sociated with the restricted maximum likelihood proce-
dure (REML) method (Searle et al. 1992; Zamudio et al.
2008) in Proc Mixed of SAS (SAS/STAT rel. 14.3 statis-
tical package (Cary, NC, USA)).

The expected genetic gain (ΔG) in clonal selection was
estimated using the following equation:

ΔG ¼ H2σpi ð6Þ

where σp contributes to the SD of the phenotypic distribution
and i is the intensity of selection based on selection of n clones
from N clones tested. We assumed that i = 1.7537 which cor-
responds to 10% selection intensity.
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The genetic correlations (age-age correlation) between the
same growth traits expressed at two different ages were esti-
mated in accordance with Yáñez et al. (2019):

rg ¼
σc l;l

0ð Þ
σc lð Þ � σc l

0ð Þ
ð7Þ

where σc l;l
0ð Þ is the clonal genetic covariance for a given trait

assessed between age l and age l′ and σc(l) and σc l
0ð Þ are the

clonal genetic standard errors at age l and age l′, respectively.

3 Results

3.1 General characteristics

The survival rate for all clones was high and decreased
only slightly over time, with 97% at age 3, 95% at age
8, and 89% at age 10. The reference clone Walker had a
lower-than-average recorded survival rate of 20% at age
10 and the most severe canker symptoms (mean rank =
3). Overall, the canker had a significant impact on the
survival of clones, which was reflected in the Spearman
rank correlation (RS = − 0.523, p < 0.001). The mean
value for canker symptoms for all trees on the planta-
tion was 1.6 and 1.7 for ages 8 and 10, respectively.
The most resistant crosses were the D × B (mean rank =
1.26), B × B (1.29), and DP × P (=Okanese at 1.35)
while the most severe canker symptom was recorded
for D × P (=Walker ) and the? × B hybr id cross
(Appendix, Fig. 4). At the family and clonal level, the
variance between genotypes was much greater. In gen-
eral, three families were characterized by a lack of can-
ker symptoms on the main stem (mean rank values be-
low 1 (all three families belong to the B × M cross
type), while among clones, 73 showed no canker evi-
dence at all (at age 8)).

The growth parameters varied significantly among
clones within families and crosses, and differences in-
creased with tree age. There was no particular cross type
which distinguished itself from the others in growth
parameters.

By age 10, the overall mean for DBH was 9.8 cm
(range from 2.2 to 17.4 cm) and 9.9 m for height (range
from 3.4 to 13.6 m). In terms of tree diameter at age 10,
the reference clones Walker and Okanese ranked 1756
and 1055, respectively, out of all 1976 clones, whereas
for height, they ranked 1582 and 932, respectively (see
Niemczyk and Thomas 2020). While the ranks for clones
were changing over time, the results of the Spearman
rank correlation between growth parameters and canker
severity score showed no relationship to DBH (RS =

0.01, p = 0.731, at age 8 and RS = − 0.013, p = 0.302, at
age 10) and a weak statistically significant (α = 0.05)
negative relationship for height (RS = − 0.119, p < 0.001,
at age 8; RS = − 0.146, p < 0.001, at age 10).

During the studied period, clones showed an increasing
MAI that progressed from 4.04 m3 ha−1 year−1 on average
at age 8 to 6.16 m3 ha−1 year−1 at age 10. In general,
however, there were large differences in MAI between
clones ranging from 0.24 to 16.5 m3 ha−1 year−1 for indi-
vidual clones at age 10 (see Niemczyk and Thomas 2020).
The overall results of traits measured in the plantation in
different years are shown in the Appendix (Fig. 4).

All of the variables mentioned above (DBH, H,
MAI, canker severity) were considered in a principal
component analysis (PCA). Results of the PCA
showed strong dominance by the first principal com-
ponent (PC1), which explained 70.6% of the variance
and was associated with productivity traits (H, MAI,
DBH), and all productivity traits were strongly corre-
lated with each other. The second principal component
(PC2) was associated with canker resistance and ex-
plained a further 25% of the variance. Clones were
differentiated along PC1, showing different productiv-
ity levels. The reference clone Okanese was classified
as an average (in the middle) clone, while Walker (on
the left above) was a poor performer and showed a
strong susceptibility to canker (overall score of
Walker − 1.5 SD; Fig. 1). The two principal compo-
nents identify a set of desirable clones for selection
in northern climates. These clones are on the right,
partway down the biplot (Fig. 1) and represent simul-
taneously both extraordinary productivity (+ 2 SD) and
below-average canker susceptibility.

3.2 Modelling wood density

The average wood density for the selected clones tested
in the plantation was 333 kg m−3. The highest wood
density was recorded for Walker (366 kg m−3), while
the lowest was for a (DN)B × B cross at 325 kg m−3

(Fig. 2).
The wood density was modelled as a function of all

available traits (DBH, H, and canker severity) in the
GAM analysis. The model explained 36.4% of the vari-
ation in drilling resistance wood density. DBH was the
only variable that significantly affected wood density (p
value for DBH = 0.006 while for H = 0.309 and canker =
0.569). Effects of the investigated variables on wood
density were estimated from the spline function presented
in Fig. 3. DBH negatively affected wood density, and the
strongest negative effect in the dependent variable, at about
7.5 kg m−3 per 1 cm, was exhibited in the DBH range of 4–
8 cm. The effect of DBH was weaker in the average-diameter
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classes, and wood density decreased to about 3 kg m−3 per
1 cm in the range of 8–11 cm, while in the thicker-diameter

classes (12–16 cm), there was no visible effect of DBH on
wood density.

Fig. 1 Principal component analysis of four traits, height—H [m], mean
annual increment—MAI [m3 ha−1 year−1], diameter at breast height—DBH
[cm], and canker severity caused by Sphaerulina musiva. The first principal
component explains 70.6% of the total variation and is mainly associated
with productivity traits (H, DBH, MAI). Clones placed on the right side of
the biplot along the first principal component (PC1) characterize above-

average productivity. Clones located below the dotted horizontal line, along
PC2, characterize below-average susceptibility to canker. Both better
performing and Sphaerulina musiva-resistant clones are identified by their
family-clone number as are the reference clones (Walker andOkanese). The
light blue colour area surrounding the center of the biplot identifies ± 1.0
SD (standard deviation), while the blue line indicates ± 1.5 SD

Fig. 2 Mean hybrid poplar wood density (WD) values by cross-type (grey boxes) and clone within family based on drilling resistance at age 10
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3.3 Clonal variation, heritability, and genetic gain

The mixed-model analysis showed a significant impact
of family, clone within family, and microenvironment
(block effect) for DBH, H, and canker at all ages
(Table 2). In most cases, the family × microenvironment
interaction was also statistically significant (p ≤ 0.05).
There was, however, no significant effect of family or
clone within family for wood density. The results of
GLMM were reflected by the variance components for
this trait, which reached only 14% and 4% for family and
clone within family, respectively, while the residual ef-
fect accounted for 81%.

The genetic effects were stronger, and clonal vari-
ance components were much higher for growth traits
than for wood density. The variance components of tree
diameter at different ages varied from 12% for family
and 26% for clone at age 3 to 26% for family and 34%
for clone within family at age 8. For tree height, vari-
ance components were slightly higher, varying from
15% for family and 30% for clone within family at
age 3 to 25% for family and 34% for clone within

family at age 8. The variance components were at sim-
ilar levels for growth traits for ages 8 and 10. Although
the mixed-model analysis showed a significant effect
for family and clone within family for the susceptibility
to Sphaerulina musiva-induced canker, the genetic ef-
fect was much lower than for growth traits. The family
effect represented only 4% (for 8- and 10-year-old
trees) of the total variance, while clone within family
represented total variance for both ages (eight and 10)
(Table 3).

Broad-sense heritability (H2) of growth traits ranged
from 0.37 (age 3) to 0.64 (age 8) for DBH and from 0.46
(age 3) to 0.65 (age 8) for tree height while the herita-
bilities for the susceptibility to Sphaerulina musiva-in-
duced canker and wood density were much lower at 0.10
for canker and 0.19 for wood density (Table 3).

The highest expected genetic gain (ΔG) based on
10% selection intensity was obtained for DBH followed
by height, while moderate to weak gain can be expected
for resistance to canker and wood density. The expected
gains from various combinations of ages and traits are
presented in Table 3.

Fig. 3 Spline-curves showing the partial effects of diameter at breast height (DBH), height (H), and canker severity (caused by Sphaerulina musiva) on
wood density (WD) based on 45 clones at age 10

Table 2 Results of GLMM with
p values in brackets, for diameter
at breast height (DBH), height
(H), canker severity (Canker)
caused by Sphaerulina musiva,
and wood density (WD) at three
ages (Age)

Trait Age Random effects Z (p value) Fixed effect F (p value)

Family Clone (family) Family × block Block

DBH 3 4.21 (< 0.001) 18.14 (< 0.001) 1.31 (0.095) 16.78 (< 0.001)

8 4.57 (< 0.001) 21.09 (< 0.001) 2.28 (0.011) 14.37 (< 0.001)

10 4.77 (< 0.001) 20.62 (< 0.001) 2.28 (0.011) 10.46 (< 0.001)

H 3 4.21 (< 0.001) 18.80 (< 0.001) 1.86 (0.031) 46.54 (< 0.001)

8 4.31 (< 0.001) 19.89 (< 0.001) 1.60 (0.055) 214.97 (< 0.001)

10 4.51 (< 0.001) 19.42 (< 0.001) 2.03 (0.021) 122.92 (< 0.001)

Canker 8 3.66 (< 0.001) 5.96 (< 0.001) – 225.43 (< 0.001)

10 3.76 (< 0.001) 5.80 (< 0.001) 0.30 (0.381) 149.35 (< 0.001)

WD 10 1.22 (0.111) 0.64 (0.260) – 9.26 (< 0.001)
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3.4 Age-age genetic correlations

The age-age genetic correlations for growth traits indi-
cated a weak positive correlation between age 3 versus
eight or 10, and stronger clonal stability between age 8
versus 10 (0.86 for H and 0.92 for DBH). The correla-
tions for growth traits at age 3 had higher standard
errors than correlations calculated for older ages.
Table 4 summarizes the age-age correlations between
the studied ages for the same traits along with their
standard errors.

4 Discussion

The results obtained from a large-scale genetics trial in
northern Alberta indicate the relatively poor perfor-
mance of the two reference clones, Walker and

Okanese, in their growth parameter rankings in particu-
lar and susceptibility to canker in the case of Walker.
Overall, the performance results together with large var-
iation in growth parameters, production, and resistance
to Sphaerulina musiva-induced canker, show that
through selection, considerably higher genetic gain is
possible with higher yielding and more resistant clones
than those currently used in this region (see PCA
results; Fig. 1).

In terms of parental species of hybrid poplars tested in
this study, crosses with P. balsamifera—a native species
of northern (boreal) environments—performed best. The
s e cond - b e s t - p e r f o rm ing pa r e n t a l s p e c i e s wa s
P. maximowiczii, which aligns with previous research
f ind ings tha t P. max imowicz i i hybr id ized wi th
P. balsamifera demonstrates good performance in cooler
Canadian climates (Pliura et al. 2014). Interestingly, how-
ever, some clones of P. balsamifera and P. maximowiczii
were also among the lowest-performing clones in the ge-
netics trial. This suggests that the focus should be placed
on families and clones rather than on poplar hybrid types
and parental species alone.

The growth parameters (DBH and H) differed among
both families and clones within families, and these traits
were also under moderate (at age 3) to strong genetic
control (age 8, 10). In general, these results correspond
to other studies of genetic effects for growth traits with
poplar and aspen hybrids (Pliura et al. 2007; Pliura
et al. 2014; Yáñez et al. 2019; Yu and Pulkkinen
2003). The relatively high heritabilities for growth traits
together with the large number of families and clones

Table 3 Trait, age and variance components, broad broad-sense heritability (H2) and gain (ΔG) as a percent value [%], and their ± standard errors with
a 10% selection intensity

Trait Age Variance component H2 ΔG [%]

σ2
f σ2

c σ2l σee0 σ2
e

DBH 3 0.033 ± 0.008 0.069 ± 0.004 0.001 ± < 0.001 − 0.003 ± < 0.001 0.165 ± 0.003 0.369 ± 0.035 33.7

8 1.602 ± 0.350 2.150 ± 0.103 0.025 ± 0.011 0.154 ± 0.003 2.343 ± 0.048 0.638 ± 0.071 36.9

10 2.688 ± 0.046 3.071 ± 0.004 0.044 ± < 0.001 0.171 ± < 0.001 3.777 ± 0.001 0.619 ± 0.072 33.6

H 3 0.043 ± 0.010 0.089 ± 0.005 0.001 ± < 0.001 0.002 ± < 0.001 0.159 ± 0.003 0.460 ± 0.043 20.4

8 0.924 ± 0.214 1.245 ± 0.063 0.008 ± 0.005 0.144 ± 0.003 1.382 ± 0.029 0.650 ± 0.075 26.6

10 0.928 ± 0.046 1.315 ± 0.004 0.015 ± < 0.001 0.159 ± < 0.001 1.539 ± 0.001 0.633 ± 0.068 21.7

Canker 8 0.028 ± 0.008 0.054 ± 0.009 – < − 0.001 ± < 0.001 0.697 ± 0.014 0.103 ± 0.015 14.1

10 0.031 ± 0.008 0.051 ± 0.009 0.001 ± < 0.001 − 0.003 ± <0.001 0.657 ± 0.014 0.107 ± 0.017 12.9

WD 10 21.739 ± 17.792 7.171 ± 13.763 – 1.603 ± 0.243 129.62 ± 19.62 0.193 ± 0.147 1.4

σ2
f variance of family effects, σ2

c variance of clonal within family effects, σ2
l variance of family-by-block interaction effects, σ2

e variance of residual

effects, σee0 covariance between residuals of the same clone in different blocks, DBH diameter at breast height (1.3 m), H height (m), Canker canker
severity, WD wood density (kg m−3 )

Table 4 Traits (H, height; DBH, diameter at breast height, 1.3 m), year
age comparisons (vs), age-age genetic correlations (Rg) between years,
and standard errors (SE)

Trait Age [years] Rg SE

H 3 vs 8 0.5895 0.1857

8 vs 10 0.8649 0.0624

3 vs 10 0.2946 0.1314

DBH 3 vs 8 0.4472 0.1624

8 vs 10 0.9187 0.0797

3 vs 10 0.4085 0.0696
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included in this genetics trial resulted in capturing a
wide range in variation, which translated into a 37%
genetic gain for DBH and close to 27% for H with a
10% selection intensity. The expected selection effec-
tiveness may, however, be reduced due to statistically
significant genotype × microenvironment interaction
across the four blocks, which implies that genotypes
(families) revealed different relative performance on dif-
ferent microenvironments. Thus, the next stage of this
tree improvement programme in northern Alberta
should be to select a reduced number of clones and
continue testing on several sites with contrasting condi-
tions to further identify the potential ramifications of a
potentially strong genotype-by-environment interaction
influence on performance and allow for selection of
stable clones for volume trials.

In a similar manner to the growth traits, canker re-
sistance was not directly related to any particular hybrid
type, which is often a subject of discussion in the liter-
ature (Dunnell et al. 2016; Dunnell and LeBoldus 2017;
Feau et al. 2010; LeBoldus et al. 2009; Lo et al. 1995).
In this case, our results are in line with previous find-
ings by Ward and Ostry (2005) and LeBoldus et al.
(2009). Our study also showed that canker infections
negatively affected height growth and were associated
with an increase in mortality among clones. These find-
ings correspond to previous research, showing that can-
ker is a significant factor influencing productivity and
survival of hybrid poplar clones in managed plantations
in North America (Dunnell et al. 2016; Lo et al. 1995).
According to Lo et al. (1995), annual biomass losses
due to Sphaerulina musiva infection can be as high as
63% of the total yield, while the mortality of highly
susceptible clones affected by cankers can reach 100%
within 5–10 years after the establishment of the planta-
tion (Mottet et al. 2007). The relatively high number of
Sphaerulina musiva infections in the experimental plan-
tation in the current study, taken on combination with
the large unexplained variation associated with the re-
sidual effect for canker severity, suggests that there are
additional factors which play a role in the development
of infections in the plantation. These factors should be
taken into consideration in further analysis and field
tests. Several studies carried out in controlled environ-
ment conditions have revealed, however, that the poplar
clone genotype has a stronger impact on disease
severity than the Sphaerulina musiva genotype itself
and other abiotic factors (LeBoldus et al. 2007;
LeBoldus et al. 2009). In addition, controlled inoculation

experiments have shown that pathogen isolates and clone
× isolate interaction effects were found to be lower than
poplar clone genotype effects (Dunnell et al. 2016;
LeBoldus et al. 2008) which suggests that Populus spp.
clones should be subject to resistance screening under
both controlled greenhouse conditions (LeBoldus et al.
2009) in addition to field testing.

Wood density, as a vitally important trait in develop-
ing Populus cultivars (Downes et al. 1997; Haygreen
and Bowyer 1996; Valente et al. 1992), was assessed
in the current research by the drilling resistance mea-
surements taken on selected families and clones within
families. The results obtained for wood density corre-
spond to those reported previously for hybrid poplar
clones of the Aigeiros–Tacamahaca sections (Beaudoin
et al. 1992; Hernandez et al. 1998; Pliura et al. 2005;
Pliura et al. 2007). Apart from the values of wood den-
sity obtained from the researched clones, attention was
also given to the relationship between growth rate and
how it affects wood density, in order to provide the
background information for better understanding the na-
ture of such a relationship to support selection deci-
sions. In our study, growth parameters (DBH and H)
and canker severity, taken together, explained only
36.4% of the total variability in wood density and the
DBH was the only significant predictor in GAM that
had a negative effect on wood density. Considering
the low effects of explanatory variables on wood densi-
ty, the results of GAM analysis suggest that selection of
the best-performing clones made on the basis of growth
parameters and height in particular may not necessarily
mean a decrease in wood density.

Furthermore, contrary to previous research (Hernandez
et al. 1998; Pliura et al. 2007), results of the linear
mixed model used in the present study showed no sta-
tistically significant genetic effect on wood density,
while microenvironment (block effect) was the only sig-
nificant factor. These results suggest that further selec-
tion should be focused on more heritable growth traits
and resistance to Sphaerulina musiva-induced canker as
the crucial factors for sustainability of a plantation.
Ultimately, desirable wood density could be selected
secondarily, depending on the expected purpose of the
fibre for manufacturing.

Given the importance of growth traits in the selection
process and their significant genetic effect, as well as
repeated measurements taken at three ages, the age-age
genetic correlations were possible to calculate. Although
this approach has been questioned on theoretical
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grounds, due to autocorrelation between ages (diameter
at breast height at the older age is a function of diameter
at the younger age, Riemenschneider 1988), it is still of
value to calculate age-age correlations. Such correlations
have important implications for selecting trees, by apply-
ing the gain-per-unit-time concept, instead of the gain
per breeding cycle. The results showed that age-age
genetic relationships for DBH and H were always posi-
tive and much weaker for the traits studied at age 3
versus 8 or 10, than for the same trait between ages 8
versus 10. The trend of having considerably lower values
for genetic correlations at age 3 suggests that at this very
young age, a different set of gene loci influence DBH
and H growth than at older ages. Similar to our results,
several authors observed smaller correlations between
ages 1, 2, or 3 years with older ages (Isik et al. 2010;
Lambeth 1980; Riemenschneider 1988). Therefore, in
northern regions, where harvest ages (or rotation length)
for hybrid poplars generally range from 20 to 25 years
(Rytter et al. 2016), it may be necessary to wait until
trees have reached a minimum age of 8 years, as shown
in our study by the larger correlation coefficients
between ages 8 and 10, when growth parameters have
stabilized and clones can be reliably selected for com-
mercial deployment.

5 Conclusions

This study revealed great potential for tree improvement
based on an extensive genetics trial of new hybrid pop-
lar clones tested for deployment in northern climates.
Large variability among previously untested hybrid pop-
lar clones and high heritability estimated for growth
traits, and to a lesser extent for the resistance to
Sphaerulina musiva-induced canker, allow considerable
genetic gain to be achievable. These traits taken togeth-
er play a crucial role in increasing the productivity and
sustainability of plantations in the boreal region of
western Canada, which may readily translate into eco-
nomic benefits resulting from the cultivation of im-
proved genotypes of hybrid poplars compared to those
currently used in this region. Traits associated with
wood quality, such as wood density, can be selected
for secondarily depending on the desired manufacturing
products.

Future research should focus on the best-performing
set of clones identified and test on several sites
to further identify the potential for genotype-by-

environment interactions, allowing for selection of sta-
ble clones for operational deployment. In addition to
field testing, controlled inoculation experiments are
recommended to more clearly determine the resistance
of these hybrid poplar clones and to establish if other
potentially important factors play a role in infections of
Sphaerulina musiva. Waiting until trees have reached a
minimum age of 8 years (stable growth parameters)
may be required for reliable selection of fast-growing
resistant clones for commercial deployment in northern
climates.
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values at a given age for all trees on plantation. Mean values for control
clones Walker and Okanese shown with their standard errors (vertical
bars)
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